Quantum optical interface for gate-controlled spintronic devices 
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We describe an opto-electronic structure in which charge and spin degrees of freedom in electrical 
gate-defined quantum dots can be coherently coupled to light. This is achieved via electron-electron 
interaction or via electron tunneling into a proximal self-assembled quantum dot. We illustrate 
potential applications of this approach by considering several quantum control techniques, includ- 
ing optical read-out of gate-controlled semiconductor quantum bits and controlled generation of 
entangled photon-spin pairs. 



The spin degree of freedom of electrons in quantum 
dots provides a promising system for applications in spin- 
tronics and quantum information science Quan- 
tum dots can be defined in a two-dimensional elec- 
tron gas (2DEG) using electrical gates. Such gate- 
defined structures allow for a fast electrical control, 
which can be effective for manipulating spin quantum 
bits [1, H, 0, [f| . Most importantly, gate-defined structures 
can be scaled up to many-qubit systems by using state- 
of-the-art nanofabrication techniques to define complex 
gate geometries. However, unlike their self-assembled 
counterparts @, 0, @, @, [lO, U, EH, such structures is 
can not be coupled to the radiation field. This limitation 
results from the lack of optical transitions: while the elec- 
tron states are confined, the hole states are not. In turn, 
this considerably limits the potential applicability of a 
diverse set of quantum control techniques developed in 
AMO physics. It is an important consideration for scal- 
ability 13, 14 1 and precludes the use of such systems in 
quantum communication [15l . 



This Letter describes a technique for coherently cou- 
pling spin degrees of freedom in gate-controlled quan- 
tum dots to light. This is achieved via either electron- 
electron interaction or electron tunneling into a proximal 
self- assembled quantum dot (SAQD). The SAQDs can be 
formed from a material with a smaller band gap than its 
environment and can be addressed optically. Optical cou- 
pling to selected single spin states [a, |7| and important 
elements of all-optical read-out HI, 12] have already been 
demonstrated in SAQDs. Pairs of coupled SAQDs have 
been successfully fabricated and studied Si [3. The 
present work provides a novel route in which the poten- 
tial advantages of gate defined and self-assembled devices 
can be combined to yield a scalable system. An imple- 
mentation of the proposed scheme would enable a wide 
range of new applications. Optical access provides a fast 
spin (and charge) read-out scheme, as is desirable for im- 
plementations of quantum error correction schemes [l|| . 
Robust spin-photon entanglement provides new realiza- 
tions for quantum repeaters for long-distance commu- 
nication [HI, EE] and distributed quantum computing, 
where gatc-defined quantum dots constitute quantum 
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Figure 1: Heterostructure coupling gate-defined and optically 
active dots. An "inverted" 2DEG is formed in the GaAs layer 
using standard techniques. However, the growth of the GaAs 
layer will be interrupted to grow InAs SAQDs. The surface of 
the sample deforms above a SAQD, which allows alignment 
of the top gates used to define lateral quantum dots in the 
2DEG. The separation of the 2DEG and the SAQDs is on the 
order of 10 nm, allowing capacitative coupling and/or electron 
tunneling. The conduction band energies when moving along 
the growth direction are shown on the right; the energy of the 
SAQD is shown as dotted line. 



computers with a limited number of qubits, which are 
then connected using optical channels. 

Design. We envision the following structure (see Fig.Q]) 
containing both a 2DEG (type II) and a SAQD (type I). 
It consists of an "inverted" GaAs/AlGaAs heterostruc- 
ture [2(| with an n-doping layer roughly 100 nm below the 
GaAs top layer, where due to the conduction band offset 
the electrons move to the GaAs layer but remain in the 
vicinity of the interface and thereby create a 2DEG. It is 
possible to grow such inverted structures with high mo- 
bilities [21] . Also, metallic top gates are grown, which can 
be charged negatively to deplete the 2DEG and to cre- 
ate the gate-defined (lateral) quantum dots in the 2DEG. 
Furthermore, during growth of the GaAs layer, another 
standard method is used: addition of InAs leads to the 
formation of SAQDs. These dots lead to a deformed sur- 
face at the top of the heterostructure, which allows lo- 
cating the SAQD Q and alignment of the top gates. 

Capacitative Coupling. Let us now consider applica- 
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tion of this structure for spin read-out of the gate-defined 
dots. To this end, let us assume capacitative coupling be- 
tween the gate-defined dots and the SAQD, but no tun- 
neling takes place. We can first convert the spin infor- 
mation of the electron state in the gate-defined dots to a 
charge state, say, converting a triplet into a (1, 1) double- 
dot charge co nfig uration and the singlet into a (0, 2) con- 
figuration 0, l23j . Due to the capacitative coupling and 
DC Stark-shift, the excitonic transition frequency in the 
SAQD will shift depending upon the charge configura- 
tion, allowing state-dependent (i) differential transmis- 
sion or (ii) photoluminescence under resonant excitation 
and detection. 

We now estimate how the electric field from a single 
electron in the gate defined quantum dot shifts the tran- 
sitions of the optically active quantum dot. As function 
of a back-gate voltage, DC stark shifts of the exciton and 
charge exciton transitions of « 1 /ieV/(kV/cm) 2 are ob- 
served 24[; including a bias field of order 20 kV/cm, the 
effect from a small change in field is ss 20/icV/ (kV/cm) 2 . 
In our scenario, the presence of an additional electron in 
our gate-defined dot leads to such a small additional field. 
Assuming an oblate electron wave function of transverse 
diameter d « 25 nm > z, where z is the distance to 
the self- assembled quantum dot, the electric field along 
the z direction is « ejl-Ked 2 « 2 kV/cm and we es- 
timate the change in the DC Stark effect due to the 
presence of a single electron in the gate-defined quan- 
tum dot to be a 8 ~ 10 — 100/icV shift of the transi- 
tion energy. Consider resonance of the optical transition 
when the gate-defined dot is in charge state (1,1), thus 
the transition rate for charge state (0, 2) will be sup- 
pressed by a = (r/(5) 2 , where T is the homogeneously 
broadened linewidth. For example, using method (ii) 
with detection efficiency r\ = 1%, radiative decay rate 
7 = (Ins) -1 , and measuring for 1 [is, on resonance one 
observes N — 10 photons on average. Taking a < 1/400 
and interpreting observation of zero or one photons as 
charge state (0,2), the charge measurement fails with 
probability max{ e - Ar (l + A), l-e~ aN (l + aN)} < 0.1% 
[231 ] . Using a cavity would speed up the read-out by the 
Purcell factor. 

Adiabatic Electron Transfer. We now consider a 
scheme that relies upon electron tunneling between the 
SAQD and the gate-defined dot and show that it is pos- 
sible to preserve the coherence of the pseudo-spin state. 
It was demonstrated experimentally that charge can be 
transferred between two coupled dots made out of a 
quantum well structure, using a vertical distance of 3- 
10 nm [25j. Furthermore, elastic charge transfer between 
two vertically aligned SAQD has been demonstrated and 
tunnel couplings t<j 1=3 5 meV and w 1.5 meV were 
found for dot spacings of 5 nm and 10 nm, respectively 
0. Finally, tunneling from InGaAs SAQDs to an n- 
doped GaAs substrate were found to be significant for a 
separation of 20 nm (26[. Therefore, it is reasonable to 
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Figure 2: (a) The energy spectrum and the transitions of 
the states on the SAQD and of the gate defined quantum 
computer, with quantization axis along the growth direction. 
The lower states correspond to a single electron with spin 
a =|, I on the SAQD, |<r), and on the gate defined quantum 
dots, |cr)qc. The higher states are the charged exciton ground 
states, with holes and electrons in s-states, | Tilt) and | TJ.JJ-). 
Excitation to the even higher lying orbital p-states, followed 
by fast orbital relaxation allows avoiding effects of the stray 
light of the excitation laser, (b) Two SAQDs (circles) in re- 
mote devices each emits a photon which is entangled with a 
local electron spin. These photons are then interfered at a 
beamsplitter and detected — in case of a simultaneous "click" 
at each detector the two electron spins become entangled with 
each other. 



assume that in the proposed structure the tunnel cou- 
pling between the gate-defined dot and the SAQD can 
be on the order of tj w 1 meV. Since id is is roughly 
the same as typical orbital level spacings of gate-defined 
quantum dots, adiabatic transport with respect to the 
charge degree of freedom can be achieved with sub-ns 
gate pulses. When the charge transfer is completed, the 
tunnel coupling will not limit the spin lifetime, because 
its effect is suppressed by the detuning e of the discrete 
energy levels in each dot. Most importantly, as we show 
below, an adiabatic charge transfer preserves coherence 
of the spin state. 

We now show that the electron spin transferred be- 
tween the gate defined and the optically active dot can 
be used to create decoherence-protected spin-photon en- 
tangled states. We assume that there is a magnetic 
field along the growth direction such that the selec- 
tion rules couple the spin state to the circular polariza- 
tion of perpendicularly emitted photons 27]. First, the 
SAQD is prepared in the state (| |) + |J.))/\/2, which 
can be achieved by preparing this state in the gate- 
defined dot and loading it into the SAQD. Then, 
the initial SAQD state is excited into the trion state 
(I Tit!) + I U-U))/\/2 using polarized light. To reduce 
effects of the excitation laser's stray light, one can use 
blue-shifted lasers to excite the electrons and holes into 
the higher-lying p-state of the envelope wave function, 
see Fig. [UJa). Then, these orbital states rapidly decay 
in to the s-state; the state of the electrons relaxes to 
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its singlet ground state, making cycling transitions pos- 
sible [28|| . Because the emitted phonons do not depend 
on spin, coherence of the spin state is conserved. Fi- 
nally, recombination occurs on a time scale r cm and a 
photon will be emitted with a circular polarization de- 
pending on the hole state. (Even though the radiative 
decay occurs spontaneously, the total energy does not 
change due to the recombination process and there is no 
random phase factor in the final state consisting of an 
electron and a photon.) Thus, the system is now in the 
state \ip e ) — (|T)l cr +) + I l)\ a -))/V2, i-e., the electron 
spin state on the SAQD and the photon are entangled. 

To entangle the spin state of two remote SAQDs i = 
1, 2, a quantum teleportation scheme can now be applied 
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trated in Fig. [2jb) , the photons can be interfered at a 
beam splitter and, if both photons have the same po- 
larization and frequency, bunch together and propagate 
to the same detector, so no coincidence is found. On 
the other hand, if the photons have different polariza- 
tion/frequency, they do not interfere and with probabil- 
ity i arrive at different detectors. Thus, if coincidence 
is found, the electron spins on the SAQDs are projected 
onto the state 1 j) 2 + | |) 1 |T)2) i- e -' the spins are now 
entangled; otherwise, the procedure is repeated. Finally, 
the electrons are transferred to the nearby gate-defined 
quantum dots — because spin coherence is preserved, the 
goal of entangling two remote (gate defined) quantum 
dots is achieved. 

Noise and Decoherence. We now discuss the dominant 
sources of errors. Consider the coherent spin transfer be- 
tween a gate-defined dot and a SAQD. The spin degree of 
freedom in each dot is defined as the pseudo-spin of the 
Kramers doublet, which is split by a magnetic field. Be- 
cause SAQDs are usually grown by using a material that 
is lattice-mismatched with the substrate, the two quan- 
tum dots are in different materials and thus have different 
microscopic wave functions — for example, the wave func- 
tion depends on the spin-orbit coupling at the core atoms 
of the crystal. The populations of the pseudo-spin states 
can be transferred between the dots if it is adiabatic on 
the time scale of the (minimal) Zeeman splitting. While 
the Zeeman splitting Az is typically much smaller than 
the tunnel coupling (for InAs SAQDs \g\ w 1 [§] and 
thus Az = 50 fxeV at 1 T) this still allows for sub-ns spin 
transfer. On the other hand, if the effective spin-orbit 
interaction is weak (or if it is taken into account as co- 
herent spin rotation) , different spin states do not mix and 
one can still transfer the electrons on time scales of 1/td- 
However, besides spin populations, spin coherence must 
be preserved as well. Because the g-factor is generally 
position dependent, fluctuations in the electron position 
lead to spin dephasing. 

To estimate this dephasing due to charge fluctuations 
and identify the requirements that the spin transfer is 
coherent by considering the low energy physics, it is suf- 



ficient to consider the four dimensional Hilbert space, 
defined by the charge state \L) or \R) that describe if 
the electron is on the gate-defined dot or in the SAQD, 
and by the pseudo-spin | j) or | J.) in that location. We 
assume that the quantization axis of the Zeeman split- 
ting is the same in both dots, but allow for a difference 
<5z = A^ — A^ in the magnitude of these splittings. The 
system is then described by the Hamiltonian 

H = t d r x + - [e(f) + F(t)] t z - -S Z T z a z , (1) 

with Pauli matrices o~i and r^, acting on the spin and 
charge degree of freedom, rcsp. Here, t d is the tunnel- 
ing amplitude between the two dots and e(t) is the de- 
tuning between the states \L) and \R). We omitted the 
term — \o z (A| + A|? ), because this term only leads to a 
trivial extra phase since a z is conserved. Finally, we as- 
sume that the environment couples to the charge degree 
of freedom by the small fluctuating force F(t) and we 
neglect low-frequency noise. Assuming a Gaussian bath, 
the charge dephasing rate due to these fluctuations is 
T v = 2jds (F(s) F(0)) [29], where (•) denotes ensemble 
averaging. 

For the adiabatic charge transfer from \L) to \R), e(t) 
is increased sufficiently slowly, such that the charge state 
is always in the ground state \ip) = a\L) + (3\R) with 
respect to the spin-independent Hamiltonian. In a Born- 
Oppenheimer approximation, we project the Hamilto- 
nian on that lowest charge state and find the coupling 

+2 , ^r^-}- 1 / 2 „ _ 



to the spin, {i^\T z a z \tp) 
l -3/2 



-s(t) [4% + e(t)\ 

tt\ [At 2 . + s(t) 2 ]~ 3/2 F(t)a z + O (F 2 ). The first term 
corresponds to the deterministic time evolution, which 
is independent of the noise and thus does not lead to de- 
phasing. We focus on the second term, describing the 
influence of noise due to the environment. The fluctua- 
tions F(t) will lead to decoherence, namely, a superposi- 
tion (|t) + | l))/V2 evolves into (| |) + e**\ J.}) A/2 with 
random phase <f> = — ^J Q dt' 8z (c z ). The infidelity (3 of 
the spin transfer, given as the probability that the phase 
information is destroyed, is (3 < | (4> 2 ), using that the 
bath is Gaussian. If the correlations in F(t) decay on 
a shorter timescale than changes of e(t) and using that 
(F(t') F(t")) is time-translation invariant, we obtain 



~ 16 



dt 



i3/2 



(2) 



Evaluating Eq. ^ for standard Landau-Zener transition 
e(t) = at, we find /3 < 3irT v 5 2 /64at d . Taking t\/a w 10 
(leading to a non-adiabatic contribution e -10 < 10 -4 ), 
we find the infidelity of spin transfer, 
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With typical parameters as used above, 6z, T v <C td, 
thus the infidelity is (3 < 10~ 4 and spins can be trans- 
ferred coherently between gate-defined dots and SAQDs. 

The optical entanglement scheme of two spin states 
is conditional, i.e., it can only be applied with a cer- 
tain success probability, which is mainly determined by 
the efficiency r\ of detecting an emitted photon: coin- 
cidence is obtained with probability ?y 2 /4. The scheme 
can be repeated many times until eventually a coinci- 
dence in the photodetectors is obtained; then the spin 
entanglement has error probability p, which might be re- 
sult from one of the following processes. (1) From the 
excitonic state, a forbidden transition can occur (e.g., 
! Tift") —> ID) with some interconversion probability p\ 
relative to the allowed transition, destroying the desired 
spin- photon entanglement. Hole spin flips would also de- 
stroy entanglement and we include these in p\ . In Ref.l28l. 
polarization preservation of up to 90% was found, even in 
the presence of co-tunneling and electron-hole exchange. 
Because these limiting processes are not present here, we 
may expect p\ < 1%. (2) The orbital s- and p-states 
are exposed to a different hyperfine fields wm, leading 
to a relative phase factor of the orbitally excited states 
and possibly to a spin-dependent energy of the emitted 
phonons. However, because the orbitally excited state 
are so short-lived (r p h ~ 10 ps), the phonon energy is 
broadened and thus spin- independent; thus the resulting 
error p 2 ~ (<^hfph) 2 is negligible. (3) The excited elec- 
tron could tunnel into the gate-defined quantum dot if 
the excitation energy (typically a few tens meV) over- 
comes the detuning e of the ground states; however such 
an inelastic process into a discrete state is very slow (3pl | 
and so pz < 10~ 3 . (4) Spin-orbit coupling of the hole of 
the excitonic state can cause decoherence, which for low 
temperatures is limited by the hole spin flip time 31 1 
included in p\, thus p± < p±. (5) For the interference 
at the beam splitter, photons with the same polarization 
must have the same frequency uj. Even if the two re- 
mote SAQDs have different g-factors resulting from size 
fluctuations during growth, the external static magnetic 
fields can be chosen such that the Zeeman splittings are 
equal. However, if the hyperfine field is not controlled, 
this still can lead to a frequency difference of Aw. If 
the coincidence measurement detects photons in a time 
interval r m , the error is p§ = (Awr m ) 2 [16[. A shorter 
T m increases the fidelity by broadening the photons in 
frequency, but decreases the detection probability by a 
factor of 1 — e~ Tm / Tcm . For a typical Alu = (10ns) _1 and 
r m = 1 ns, we get P5 = 1%. Finally, this allows us to 
estimate the error of the entanglement of two spins to be 
2pi H h 2p 4 +p 5 < 5%. 

We conclude by noting new avenues opened by this 
work. Our approach allows for optical interconnects be- 
tween gate-controlled quantum dot systems. The pro- 
posed structure allows using standard techniques for in- 
tegrating the SAQD in a photonic-band gap cavity. Ex- 



tensions of the present ideas may also allow reversible 
quantum state exchange between spin and photon sys- 
tems. These techniques enable applications in quantum 
communication, such as implementing standard purifi- 
cation protocols that require several qubits per optical 
register [It], EH , and new architectures for scalable quan- 
tum computation using many optically connected few- 
qubit registers to form a large-scale quantum computer. 
Finally, for an arbitrary geometry formed in the 2DEG 
via the top gates, electrons can be extracted into SAQDs 
placed nearby, which allows for local measurements of 
single spins. For example, when a current flows in the 
2DEG, one can use the SAQD to probe if there is spin 
polarization at lateral edges due to the spin Hall effect. 
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